The scope of the present paper is to investigate the suitability of a mathematical model for Circulating Fluidized Bed (CFB) coal combustion (developed by the International Energy Agency), to predict and simulate the performance of the 100 kW th CFB for air-blown biomass gasification. The development of a mathematical model allows to simulate the operative conditions during biomass gasification, control the quality of the synthesis gas and improve the gasifier design. The geometrical, mechanical, hydro dynamical and thermo chemical features were introduced in the model by properly setting the input file and, some changes have been made in the code to assure the final convergence. A sensitivity analysis has been performed to study the variation in the input parameters of the program, and it has been finally verified by comparing the results with the empirical data collected during coal and wood combustion tests. The program, in the same case, could not successfully run; probably depending on wood char density value. For these reason the influence of char density will be investigated. The model predicts the development of tar and other hydrocarbons, valuating the agreement between the measured and calculated efficiency. A further development, to consider solid biomass, with a certain volatile percentages (20% -40%), as a fuel has been previewed and analyzed. Finally some investigations have been carried out to provide some useful indications for future developments of the code, in the biomass gasification modelling.
Introduction
Processes based on the thermo chemical conversion of biomass are nowadays rising importance, since they show an higher energy efficiency than the direct combustion.
The biomass gasification appears as one of the most promising. It consists in the conversion, in a low O 2 -content atmosphere, of the original biomass feedstock into a combustible gas mixture, the synthesis gas, which can be used in several applications, like gas turbines. A complete knowledge of the biomass gasification process is necessary to satisfy the increasing demand on the quality of the produced gas. The development of a mathematical model provides an indispensable tool to control the operational parameters and improve the gasifier design.
A mathematical model for Circulating Fluidized Bed (CFB) coal combustion, developed by the International Energy Agency (IEA), is, hereby, used to predict and simulate the performance of a 100 kW th CFB gasifier. It derives from the initial considerations that the gasification process can be considered, on the chemical point of view, as "backward" step to the combustion, since it occurs in partial oxidation conditions. Moreover both processes can take place in a CFB reactor, presenting similar hydro dynamical and mechanical features. It means that the sub models used to describe such parameters, as the fluidization pattern of solid and gas flows, the particles size distribution, the thermal analysis, the chemical process of combustion and the post-process reactions, can be also useful to reproduce the complex of phenomena occurring during biomass gasification in a CFB reactor.
temperature between 400˚C and 600˚C (pyrolysis or devolatilization). Pyrolysis is defined as "the thermal decomposition of solid fuel in an oxygen-free atmosphere and it results in the production of solid char (10% -25% wt. of the original biomass) and volatile matters, mainly composed of water, CO, CO 2 , H 2 , CH 4 , C 2 H 6 and tar". The presence of tar in the synthesis gas can produce several problems in the plant components: for this reason a particular attention has to be put into the control of tar formation and to the strategies for its removal. The final composition and efficiency of the synthesis gas is defined by the combined effects of pyrolysis, partial combustion and the complex equilibrium conditions given by competing reactions. Furthermore it is influenced by a number of parameters, such as the fuel composition, the stochiometric air ratio, the gasifying medium, the operating pressure and temperature and by the process technology.
Considering the available technologies for gasification, the CFB was considered to be suitable for medium-large scale gasification. Due to the unique hydro dynamical conditions in a fluidized bed furnace, CFB reactors present some interesting features which make more attracttive than other solid fuel fired boilers (excellent gas-solid and solid-solid mixing, homogeneous distribution of temperature, high conversion efficiency, in-situ sulphur removal and low NO x emissions) [2] .
Description of the IEA Model
The original model has been developed by the IEA to simulate the coal combustion process in industrial size CFB boilers; it has been tested on several plants designed for heat and steam generation, having thermal power output within 13 and 300 MW th . It has been developed and designed to describe the overall process occurring in the reactor, including the gas evolution and solid flows, the determination of the particle size distribution, the coal conversion, the post-process reactions and the heat transfer process. It can be considered as an "engineering" model, resulting by a combination of mathematical models, available in literature, and empirical feedback [1] .
Such approach is, sometimes, called "one and halfdimensional": the Riser is discretized in vertical direction by simple cells, while a distinction between core and annulus cells is assumed in radial direction. In the dense bed region, the core cell, is divided in emulsion and bubbling phase cells, with different balancing equations. The cell structure of the CFB and the modelled gas and solid flows are reported in Figure 1 . Each cell is assumed to be homogeneous in concentration and temperature.
It is organized in a series of following blocks, each one including the set of routines and subroutines necessary to reproduce a particular physic sub model; the different blocks are linked together by balancing soubroutines, until equilibrium is reached. All the demanded data to run the program have to be introduced in an input file; some of the required parameters have to be considered as input parameters, which should be properly adjusted in accordance with the experimental measures referred to the particular modelled case. The model is capable to predict the composition of the outlet gas mixture from the reactor [1] .
Scale-Down of IEA Model to the Laboratory Systems
The performances of the IEA model have been tested on a laboratory-scale CFB (see Figure 2 ) unit designed for biomass gasification. It is, operated at atmospheric pressure, with process temperature within 700˚C and 900˚C and maximum thermal output of 100 kW th . It basically consists of a Riser (height: 5.5 m; circular cross section, Ø: 83 mm) connected to a gas-solid cyclone separator: the solid particles are separated and recirculated by a downcomer into the furnace, while the gas flow is cleaned by a ceramic filter before being collected. The P&I diagram is shown in Unlike the boilers used for the validation of the IEA model, in this case the heat generated by oxidation of fuel has to be used into the furnace to sustain the gasification reactions; for this reason the gasifier is completely thermally insulated and it is not equipped with any other devices for heat exchange.
The design and operating characteristics were introduced in this work by proper input parameters.
Modification of the Model for the Biomass Gasification
The consistency of the approach proposed to scale down the model has been initially verified by using the IEA model to simulate coal combustion. Several experiments have been performed in the past by using the CFB test bench [2] and comparing the calculated and empirical results. The wood characterization (composition, size particle distribution, physical properties) was introduced in the input file and two empirical cases of wood combustion were simulated, to verify the capacity of the model to simulate solid fuels other than coal. Moreover, to adapt the IEA model to simulate the wood gasification process in a small size unit, some modification have to be necessary. It has been observed that the chemical and fluidization conditions occurring during gasification can be easily reproduced by reducing λ, fule/ air ratio. However, to achieve a reliable prediction of the process, it is essential to consider the influence of the pyrolysis gas composition and the endothermic gasification reactions (not modelled or simulated by the program) on the chemical equilibrium and on the synthesis gas composition.
Simulation Results

Coal and Wood Combustion Simulations
The IEA model successfully runs and reaches the final convergence. The final gas composition (limited to the main components: CO, CO 2 and O 2 ) and the temperature profile along the Riser show a consistence with the available measurements. As shown in Figure 4 , the calculated concentrations of CO 2 and O 2 deviate respecttively of 7.5% and 11.1% from the experimental ones, while a larger difference has been verified between the calculated and measured CO concentration (57.5%). These results are strongly influenced by the parameters related to the combustion kinetics, namely the char reaction constant ( reac,0 ) and CO homogeneous oxidation constant ( 0,CO ), and by the attrition constant ( attr ), which in the simulations could be just guessed, due to the lack of empirical data. A better approximation could be achieved by adjusting these parameters to the particular case study. These results are summerized in Table 1 . In Figure 5 , the calculated temperature distribution well approaches the measured one, and a difference within 1.0% and 1.5% is noticed. The sum of the heat lost through Riser wall, and downcomer pipes, was 6.2 kW th , which is lower than the total energy losses observed during the experiments, usually between 10 -20 kW th . However, such estimation is based on the indicative values of temperature (the wall temperature and re-entering particles temperature) assumed in this work. A more reliable validation of the heat transfer scheme could be achieved in the future by introducing the measured values of such quantities.
In case of wood combustion, the program does not, sometimes, reach the final convergence. The introduction of the wood physical properties (in particular the wood char density) in the input file leads, in the most of the cases, the program to crash and the final convergence can be reached only in correspondence of certain particular values (55 -110 kg/m³).
It does not allow to draw general conclusions about the capacity of the IEA model to simulate solid fuel, like wood, having char density lower than coal and for this reason the obtained results are not reported in this paper.
Wood Gasification Simulations
The effects of a λ reduction on the model performance has been tested and the devolatilization model analyzed in detail. At this stage of the work the gasification reactions have not been implemented into the code yet, thus the model can not modelling and simulate the effects of such reactions on the synthesis gas composition. The input file is modified to reproduce, as best as possible, the process conditions observed during gasification experiments by using the test bench [3] and some tests have been run. Since the gasification reactions are not modelled, the results of the simulations could not be compared with the empirical ones. However useful indications could be obtained concerning the capacity of the IEA model to simulate low values of λ, enlighten the effects that a reduction of such parameter produces on the temperature distribution along the Riser and on the final gas composition. The results are shown in Figures 6 and 7 .
The reduction of λ decreases the process temperature and, due to the low O 2 -content atmosphere, only partial combustion can take place into the Riser. It means that decreasing λ produces a reduction of the CO 2 concentration and a simultaneous increase of CO and H 2 , which can not be completely oxidized into CO 2 and water. The peaks observed in the temperature profiles are due to the fact that the amount of heat released by partial combustion in the lower section of the Riser is not sufficient to maintain higher level of temperature.
By the way these results represent only the expected consequences of the partial oxidation of fuel, thus they are still far to be considered as representative of the whole gasification process.
Pyrolysis Submodel
The procedure implemented in the IEA code to model the coal pyrolysis is not adequate, in case of thermal decomposition of biomass, since it does not consider the possible formation of tar and higher hydrocarbons, like methane and ethane, during the process. Dealing with coal combustion, such species can be neglected because they are assumed to be completely burned and not released in the flue gas; in case of gasification, they play a significant role in the evolution of the gas mixture and they have to be considered.
An alternative pattern is included in the IEA model, based on a mathematical model for thermal decomposition of coal proposed by D. Merrick [4] , which allows to predict the production of char and volatile matters (on dry and ash free basis). The volatile matter is assumed to be formed by nine components, CH 4 , C 2 H 6 , CO, CO 2 
In the equations, the first six ones represent, respectively, the elemental mass balances of C, H, O, N, S and the coal mass balance. The latter four are defined by empirical correlations derived in accordance with the following statistical findings, verified by Merrick for coals having volatile content ranging between 16.3% and 37%:
• 32.7 % of H in coal evolved in CH 4 • 4.4% of H in coal evolved in C 2 H 6 • 18.5% of O in coal evolved in CO • 11 % of O in coal evolved in CO 2 In this work the Merrick model was activated, partially modified to link it to the main code and then implemented. The linear equations system, as finally defined, is reported in its matrix form: 
The results can be seen in Table 2 . between the calculated results and the experimental ones, however deviations have been reported between the calculated efficiency of pyrolysis gas (including tar) and the volatile content.. Moreover, it was noticed that only a small fraction (11% in both cases) of the O 2 content of coal is used to form volatiles, which is far from the expected behaviour.
Due to the lack of empirical results, the reliability of such approach could be just verified by the simulation of two experimental cases of laboratory-scale fluidized bed coal pyrolysis taken from literature [5, 6] . The coal used in the experiments presents a volatile content respectively equal to 47.1% and 34.6% on dry and ash free basis. In both cases the model successfully reaches convergence, and a certain amount of tar and higher hydrocarbons have been calculated as components of the volatile mixture, as shown in the Table 3 below. The calculated molar concentrations had to be processed to present the results in suitable form to be compared with the empirical data (see Table 4 ). Even though the graphs in Figures 8 and 9 show a reasonable agreement 
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The reason of such degree of inaccuracy is to ascribe to those equations of the linear system defined by empirical correlations, tested for the of coal pyrolysis with volatile content varying in the particular range previously mentioned, but not necessarily valid in case of fuel with higher volatile content like those used in the simulated cases [7, 8] .
Conclusions
The IEA model, initially designed to simulate the performance of industrial size installations, results to be an helpful tool in the analysis and optimization of laboratory scale units, like the tester CFB gasifier. The scalingdown approach adopted in this work can be considered to be adequate to model the particular design and operational conditions of the reactor. In case of coal combustion simulations, the program successfully achieves the final convergence.
The results confirm a good compromise between calculation values and empirical results. This condition will be optimized by choosing better input data On the other hand, the introduction of the biomass physical properties generates computational errors, and the solution of this condition represents the main problem to deal with. The results obtained at this stage of the work can only provide a rough estimation of the wood combustion process, however may be useful as starting point for future developments and studies.
The pyrolysis model based on the approach proposed by Merrick and tested in this work can be suggested as promising basis for a more accurate modelling of the biomass thermal decomposition. It is capable to predict the formation of tar and hydrocarbons as components of the volatile matter, but still requires further improvements. To improve such procedure, the empirical correlations used to build the linear equations system should be re-defined and validated in accordance with the gas composition observed during the experiments of biomass pyrolysis, in the case of solid fuels with a volatile content typically around 80%, surely higher than coal [9] .
The proposed model can simulate and manage low values of λ and well approaches the expected consequences in case of incomplete combustion, but it is not suitable to reproduce the whole gasification process yet, since the gasification reactions and their reaction kinetics are not modelled in the code. Considerable efforts will be necessary to introduce in the original model a reliable model to consider the effects of these reactions on the synthesis gas composition; by the way, the analysis carried out in this work seems to encourage further investigations, with a promising future application of the IEA model, as helpful tool, in the optimization of the CFB biomass gasification process [10, 11] . 
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